The built environment with respect to building envelope designs and the surrounding micro-environment significantly affects building energy use. The influence of the inter-building effect (IBE) on building energy use cannot be ignored and thermal properties of building envelopes also largely affect building energy use. In order to evaluate the influence of IBE and its relation with highly-reflective (HR) building envelopes on building energy use, the building energy use under three simulated scenarios was quantitatively analyzed using the building energy optimization software "BEopt" for five cities of Japan. Analysis indicated that when the simulated building is neighbored by other buildings, an envelope coated with HR material is more effective than lowly-reflective (LR) material to reduce building energy use. A simulated single building without surrounding buildings and a LR envelope has the highest building energy use among the three simulated scenarios. This study also showed the influence of IBE on building energy savings is stronger in cities with lower latitudes.
Introduction
The rapidly growing world energy use has already raised concerns over supply difficulties, exhaustion of energy resources, and heavy environmental impacts, such as ozone layer depletion, global warming, climate change, etc. Previous research has indicated that the global contribution from buildings towards energy consumption, both residential and commercial, has steadily increased to between 20% and 40% in developed countries, and has exceeded the other major sectors: industrial and transportation [1] . The nation's 114 million households and more than 4.7 million commercial buildings consume more energy than the transportation or industry sectors, accounting for nearly 40% of total U.S. energy use [2] . Cities represent the highest concentration of energy use; they occupy 2% of the Earth's surface. However, their inhabitants consume about 75% of the world's resources [3] . A report showed that buildings account for the largest proportion of energy consumption, with as much as 32% of total final energy consumption and nearly 40% of primary energy consumption [4] . The numbers are especially prominent in developed countries. According to the latest report from Ministry of Economy, Trade and Industry (METI), the carbon dioxide emissions from energy consumption in the consumer sector accounts for approximately two-third of the carbon dioxide emissions of Japan [5] .
Many measures related to buildings have been implemented for energy conservation and sustainability. Existing UHI mitigation and energy conservation strategies are outlined by Akbari et al. [6] ; such as development of highly reflective (HR) materials, development of cool and green roof technologies, development of cool pavement technologies and urban trees that can decrease ambient and surface temperatures in cities. Furthermore, UHI mitigation leads to energy savings, improves urban air quality and ambient conditions, and helps to counter global warming (GW).
State of Research on HR and Retro-Reflective Envelopes
Among these technologies for UHI mitigation, HR envelopes are being researched globally [7, 8] . A review showed that the HR roof can reduce the roof daily heat gain between 11% and 60%, reduce the indoor air temperatures around 1-7 • C and decrease daily cooling energy consumption between 1% and 80% [9] . A research of quantitative estimation on the impact of white reflective and colored reflective materials indicated that the reflective white roofs without insulation lead to net savings over a 10-year life-cycle cost analysis between 3.0 $/m 2 and 67.4 $/m 2 compared to gray roofs in cities in Mexico. When thermally insulated, reflective white roofs lead to positive net savings, just in warmer locations; such savings ranged between 0.1 $/m 2 and 13.6 $/m 2 [10] . In addition, a field measurement on the change in solar reflectivity of HR roofing sheet was implemented [11] . It showed that the solar reflectivity of the HR roofing sheet installed on the rooftop decreased by about 0.04 after approximately one-year exposure due to the dirt accumulated on the roof surface, and its solar reflectivity was restored after cleaning the roof surface with distilled water. In recent years, possible application of retro-reflective (RR) materials to building facades has been studied by many scholars [12] [13] [14] . It revealed that the RR envelope is more effective to mitigate UHI and increase urban albedo compared to the diffuse reflection of HR envelopes.
Urbanization and Inter-Building Effect
As the same time, substantial global trend has emerged to impede us from a more sustainable built environment. A report by the United Nations indicated that a significant shift in population from rural areas to urban areas will continue through 2050 [15] . The population in urban areas is predicted to increase by approximately 40% and the population in rural areas will decrease by about the same percentage. If the population in urban areas is increasing, it will be reasonable to expect the morphology of urban areas to involve tighter spatial interrelationships among buildings. When buildings evolved to be in closer proximity due to the increase of the urban population, the current modeling approaches that treat buildings as stand-alone entities may not accurately represent building energy performance because they often do not consider the close proximity of other buildings in an urban environment and the energy implications that this phenomenon could cause [16] . With consideration of the inter-building effect (IBE) on building energy use, a numerical simulation tool for predicting the influence of the outdoor thermal environment on building energy performance was proposed by He et al. [17] . This indicated that when assessing energy use of buildings, not only thermophysical properties of the external wall surface are considered, but also the impact of surrounding environment is taken into account. Other research on the IBE was implemented via analyzing the mutual shading among buildings by Shaviv and Yezioro [18] . It showed how to calculate the impact of shading on solar gains of building envelopes.
Simulation
Simulation tools offer powerful functionalities to predict and improve building energy consumption for both research and design purposes. EnergyPlus is an energy analysis and thermal load simulation engine distributed by the U.S. Department of Energy (DOE) and it has become a popular building energy performance simulation owing to its sophisticated and validated functions [19] . In order to understand such complex mutual impact of the IBE within spatially proximal buildings, the influence of mutual shading and mutual reflection within a network of buildings was disaggregated and quantified using EnergyPlus [20] . This showed that the shading effect caused by surrounding buildings plays a more significant role in terms of impact on energy consumption. In addition, a methodology for evaluating a building energy performance was proposed by enlarging the assessment perspective from a single building to a network of buildings [16] . It showed that buildings can mutually impact the energy dynamics of other buildings and this effect varies by climatological context and by season. The IBE analysis and the specific proposed methodology revealed energy requirement modeling inaccuracies of up to 42% in summer in Miami and up to 22% in winter in Minneapolis.
Aims of This Research
For the aim of evaluating the influence of the IBE and its relation with HR building envelopes on the building energy use, the analysis for five representative cities (Sapporo, Tokyo, Nagoya, Osaka, and Kagoshima) of Japan was implemented using "Building Energy Optimization (BEopt)" in this study, considering the annualized energy use, annualized energy related costs, and annualized utility bills of a simulated building over a setting building envelope lifetime of 15-year.
Experiments

Simulated Building and Geographical Locations
According to the building standard law of Japan, a three-story building with a gable roof (roof pitch of 6:12) was simulated as shown in Figure 1 in this study. Its construction area is approximately 92 m 2 , and its total floor area is approximately 273 m 2 . The orientation of the simulated building is south-north facing. In order to evaluate the influence of IBE and its relation with the HR building envelope on the energy use of buildings, the simulated building was defined for three different scenarios. Structures of the three simulated scenarios are detailed in Table 1 . Scenario A is a simulated single building which is not surrounded by buildings and its envelope coated with a lowly-reflective (LR) brick material (solar reflectivity: 0.12) [21] ; Scenario B is a simulated building which is surrounded by buildings on four sides and its envelope coated with a LR brick material the same as Scenario A; Scenario C is a simulated building which is surrounded by buildings and its envelope coated with a brick material painted with HR paint (solar reflectivity: 0.7) [22] . In addition, a white color HR roofing sheet (solar reflectivity: 0.7) [23] is installed on the roofs for all three simulated scenarios. It is worth mentioning that all costs of materials applied to external walls and rooftops are more uniformly moderately priced than other building materials in the Japanese market. The left and right distance between two buildings must be more than 0.5 m according to the building standard law of Japan, thus the distance between two buildings is set to 2.5 m for Scenarios B and C in this study. 
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According to the building standard law of Japan, a three-story building with a gable roof (roof pitch of 6:12) was simulated as shown in Figure 1 in this study. Its construction area is approximately 92 m 2 , and its total floor area is approximately 273 m 2 . The orientation of the simulated building is south-north facing. In order to evaluate the influence of IBE and its relation with the HR building envelope on the energy use of buildings, the simulated building was defined for three different scenarios. Structures of the three simulated scenarios are detailed in Table 1 . Scenario A is a simulated single building which is not surrounded by buildings and its envelope coated with a lowly-reflective (LR) brick material (solar reflectivity: 0.12) [21] ; Scenario B is a simulated building which is surrounded by buildings on four sides and its envelope coated with a LR brick material the same as Scenario A; Scenario C is a simulated building which is surrounded by buildings and its envelope coated with a brick material painted with HR paint (solar reflectivity: 0.7) [22] . In addition, a white color HR roofing sheet (solar reflectivity: 0.7) [23] is installed on the roofs for all three simulated scenarios. It is worth mentioning that all costs of materials applied to external walls and rooftops are more uniformly moderately priced than other building materials in the Japanese market. The left and right distance between two buildings must be more than 0.5 m according to the building standard law of Japan, thus the distance between two buildings is set to 2.5 m for Scenarios B and C in this study. For cooling and heating equipment used in the simulated building, central air-conditioning (AC) was used for cooling in summer, and a gas furnace with an annual fuel utilization efficiency of 78% was used for heating in winter [24] . In addition, gas water heaters with an energy factor of 0.59 [25] , and light-emitting diode (LED) lighting fixtures with an efficacy of 55 lm/W were used [26] . For cooling and heating equipment used in the simulated building, central air-conditioning (AC) was used for cooling in summer, and a gas furnace with an annual fuel utilization efficiency of 78% was used for heating in winter [24] . In addition, gas water heaters with an energy factor of 0.59 [25] , and light-emitting diode (LED) lighting fixtures with an efficacy of 55 lm/W were used [26] . Detailed conditions of equipment usage in the simulated building are shown in Table 2 . This study focuses on the effect of the building coating structure and surrounding buildings on building energy use, thus, the effects of indoor human and equipment usage factors are not investigated. The same indoor human and equipment usage conditions are set for the three scenarios in this study.
The average consumer electricity price in Japan is 0.24 $/kWh for the year 2016 [27] . The average consumer gas price in Japan is 0.89 $/m 3 for the year 2016 [28] . The homeowner costs calculated in this study assume a 15-year mortgage at a 4.0% interest rate with a 2.4% general inflation rate and a 3.0% real discount rate, which is chosen as one of the common forms of housing loan in Japan.
Five representative cities of Japan were selected from high-latitude to low-latitude to analyze energy use of the simulated building in this study. The five representative cities are detailed in Table 3 . 
BEopt
An analysis tool, BEopt, was used to analyze the energy consumption of the simulated building with three different scenarios. It provides detailed simulation-based analysis based on specific house characteristics, such as size, architecture, occupancy, vintage, location, and utility rates. Discrete envelope and equipment options, reflecting realistic construction materials and practices, are evaluated. It can be used to analyze both new construction and existing home retrofits, as well as single-family detached and multi-family buildings, through evaluation of single building designs, parametric sweeps, and cost-based optimizations [29] . The BEopt analysis method was developed to determine the least-cost path to zero net energy (ZNE) homes, based on evaluating the marginal costs of different combinations of energy efficiency and renewable-energy options [30] . It is known that the sequential search technique has several advantages. First, it finds intermediate optimal points all along the path, i.e., minimum-cost building designs at different target energy saving levels, not just the global optimum or the ZNE optimum. Second, discrete rather than continuous, building options are to be evaluated to reflect realistic construction options. Third, some near-optimal alternative designs are identified (that can serve as a starting point for generating a more complete set by permutations).
This method has recently been applied to determine the most cost-effective approaches to achieve the near-term and long-term performance targets for the DOE Building America Program [31] . The BEopt calls the DOE2 and TRNSYS simulation programs and automates the optimization process (see Figure 2) . The optimization method involves sequentially searching for the most cost-effective option across a range of categories (wall type, ceiling type, window glass type, HVAC type, etc.) to identify optimal building designs along the path to ZNE. near-optimal alternative designs are identified (that can serve as a starting point for generating a more complete set by permutations). This method has recently been applied to determine the most cost-effective approaches to achieve the near-term and long-term performance targets for the DOE Building America Program [31] . The BEopt calls the DOE2 and TRNSYS simulation programs and automates the optimization process (see Figure 2) . The optimization method involves sequentially searching for the most cost-effective option across a range of categories (wall type, ceiling type, window glass type, HVAC type, etc.) to identify optimal building designs along the path to ZNE. 
Input and Output Definition
According to the definition of BEopt 2.6.0.0 [32] , the input items in this study include: building (geographical location, climate, geometry, orientation, neighbors, floor area, etc.), wall structure (insulation, etc.), roof structure, thermal mass, windows, space conditioning, water heating, lighting, appliances & fixtures, local mortgage, utility rates, etc. (see Figure 3) . 
According to the definition of BEopt 2.6.0.0 [32] , the input items in this study include: building (geographical location, climate, geometry, orientation, neighbors, floor area, etc.), wall structure (insulation, etc.), roof structure, thermal mass, windows, space conditioning, water heating, lighting, appliances & fixtures, local mortgage, utility rates, etc. (see Figure 3) . The output items used in this study are defined as following:  Annualized source energy: is the total energy consumed to meet the energy needs of the building, including that used in transmission, delivery and production, in MMBtu/yr or kWh/yr.  Annualized site energy: is electricity or fuel consumed within a property boundary (e.g. a home), which is reflected in the utility bills at the site, in MMBtu/yr or kWh/yr.  Annualized utility bills: is divided into two parts, the gas charge and the electricity charge, in $/yr.  Annualized energy related cost: is calculated by annualizing the energy related cash flows over the analysis period, in $/yr. The output items used in this study are defined as following:
• Annualized source energy: is the total energy consumed to meet the energy needs of the building, including that used in transmission, delivery and production, in MMBtu/yr or kWh/yr. • Annualized site energy: is electricity or fuel consumed within a property boundary (e.g. a home), which is reflected in the utility bills at the site, in MMBtu/yr or kWh/yr. • Annualized utility bills: is divided into two parts, the gas charge and the electricity charge, in $/yr. • Annualized energy related cost: is calculated by annualizing the energy related cash flows over the analysis period, in $/yr.
The annualized cost is then subtracted from the reference for every cash flow but utility bills (i.e., the values displayed in the cost/energy graph are full annualized utility bills plus incremental annualized values for every other cash flow). The annualized energy related cost is calculated with Equation (1),
where C e is the annualized energy related cost, $/yr; U is the annualized utility bills, $/yr; C m is the incremental mortgage cost, $/yr; C r is the incremental replacement costs, $/yr; and C etc is the other incremental costs, $/yr. Thus, in general, the C e will be greater than U. However, this will not be true if any of the incremental cash flows are negative. If the incremental costs (C m , C r and C etc ) are ignored, the C e will be equal to U.
Results
Annualized Energy Use and Energy Savings
The annualized source energy use and annualized site energy use of the simulated building with three different scenarios in five representative cities of Japan are calculated and detailed in Table 4 . As an example, the annualized source energy use and annualized site energy use of the simulated building with three different scenarios for Tokyo are shown in Figures 4 and 5 , respectively. 
The annualized source energy use and annualized site energy use of the simulated building with three different scenarios in five representative cities of Japan are calculated and detailed in Table 4 . As an example, the annualized source energy use and annualized site energy use of the simulated building with three different scenarios for Tokyo are shown in Figures 4 and 5 , respectively. Compared to the total annualized source energy use of Scenario A (detailed in Table 4) in five representative cities of Japan, that of Scenario B in Kagoshima decreased the largest, about 2.5% (cooling: 9.4%; heating: 1.3%), followed by Nagoya, Osaka, Tokyo, and Sapporo. Compared to the total annualized site energy use of Scenario A (in Table 4 ), that of Scenario B in Nagoya decreased the most, by about 2.1% (cooling: 10.2%; heating: 2.3%), followed by Kagoshima, Osaka, Tokyo, and Sapporo.
Compared to the total annualized source energy use of Scenario A (detailed in Table 4 ) in five representative cities of Japan, that of Scenario C in Kagoshima decreased the most, by about 14.7% (cooling: 42.9%; heating: 17.7%), followed by Nagoya, Osaka, Tokyo, and Sapporo. Compared to the total annualized site energy use of Scenario A (in Table 4 ), that of Scenario C in Nagoya decreased the most, by about 14.5% (cooling: 43.2%; heating: 17.7%), followed by Kagoshima, Osaka, Tokyo and, Sapporo. (1 MMBtu = 293 kWh).
Annualized Energy Related Costs and Annualized Utility Bills
According to Section 2.3, the annualized energy related costs can be calculated using Equation (1) . In this study, the incremental costs (C m , C r and C etc ) were ignored; thus, the annualized energy-related cost is equal to the annualized utility bill. The annualized energy-related costs, or annualized utility bills (electricity charge and gas charge), of the simulated building in three different scenarios in five representative cities of Japan is shown in Table 5 . Table 5 . Annualized energy-related costs or annualized utility bills (electricity charge and gas charge) of a simulated building with three different scenarios in five representative cities of Japan. The results (Table 5) show that the annualized energy related costs or annualized utility bills in Sapporo is the largest, approximately 3561 $/yr (gas charge: 2127 $/yr; electricity charge: 1242 $/yr) for Scenario A, approximately 3545 $/yr (gas charge: 2122 $/yr; electricity charge: 1231 $/yr) for Scenario B, and approximately 3162 $/yr (gas charge: 1818 $/yr; electricity charge: 1163 $/yr) for Scenario C, followed by Tokyo, Osaka, Nagoya and Kagoshima.
As an example of Tokyo, the annualized utility bills of the simulated building with three different scenarios are shown in Figure 6 The results (Table 5) show that the annualized energy related costs or annualized utility bills in Sapporo is the largest, approximately 3561 $/yr (gas charge: 2127 $/yr; electricity charge: 1242 $/yr) for Scenario A, approximately 3545 $/yr (gas charge: 2122 $/yr; electricity charge: 1231 $/yr) for Scenario B, and approximately 3162 $/yr (gas charge: 1818 $/yr; electricity charge: 1163 $/yr) for Scenario C, followed by Tokyo, Osaka, Nagoya and Kagoshima.
As an example of Tokyo, the annualized utility bills of the simulated building with three different scenarios are shown in Figure 6 . Compared to the annualized utility bills (or annualized energy related costs) of Scenario A (detailed in Table 5 ) in five representative cities of Japan, that of Scenario B in Kagoshima decreased the largest, about 2.4% (electricity charge: 3.3%; gas charge: 1.0%), followed by Nagoya, Osaka, Tokyo, and Sapporo.
Compared to the annualized utility bills of Scenario A (in Table 5 ) in five representative cities of Japan, that of Scenario C in Kagoshima decreased the most, by about 13.6% (electricity charge: 15.3%; gas charge: 13.8%), followed by Nagoya, Osaka, Tokyo. and Sapporo. Compared to the annualized utility bills (or annualized energy related costs) of Scenario A (detailed in Table 5 ) in five representative cities of Japan, that of Scenario B in Kagoshima decreased the largest, about 2.4% (electricity charge: 3.3%; gas charge: 1.0%), followed by Nagoya, Osaka, Tokyo, and Sapporo.
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Compared to the annualized utility bills of Scenario A (in Table 5 ) in five representative cities of Japan, that of Scenario C in Kagoshima decreased the most, by about 13.6% (electricity charge: 15.3%; gas charge: 13.8%), followed by Nagoya, Osaka, Tokyo. and Sapporo.
Discussion
Influence of IBE with LR Building Envelopes on Energy Use
Through the comparison between Scenario A (a single building with LR building envelope) and Scenario B (IBE with LR building envelope), we can see that Scenario B with neighboring buildings can contribute to annualized energy savings and annualized utility bill savings, compared to a single building (Scenario A). It is considered that the IBE including mutual shading and mutual reflection within a network of buildings is effective to reduce energy use [20] . In addition, we can see that the lower the latitude of Japanese cities, the larger the annualized energy savings, annualized energy related cost savings, and annualized utility bill savings, due to the impact of IBE. However, this changing trend is not absolute: it also depends on regional climate conditions and other factors.
Influence of IBE with HR Building Envelopes on Energy Use
Through the comparison between Scenario B (IBE with the LR building envelope) and Scenario C (IBE with HR building envelope), we can see that the IBE with the HR building envelope (Scenario C) can better contribute to annualized energy savings and annualized utility bill savings, compared to IBE with LR building envelope (Scenario B). The reason for this is considered to be that the HR building envelope can reflect more sunlight to the surrounding environment than the LR building envelope, thus, the solar radiation absorbed by the HR building envelope will be less and the heat transfer from the exterior wall to the interior wall will also be less, resulting in a cooling load reduction during summer. As the reflected sunlight from the HR envelope and the mutual reflection with the surrounding buildings will heat the ambient air, the outdoor radiant temperature in Scenario C will be higher than that in Scenario B, thus, the heating load during winter also decreased in this study.
In addition, it also indicated that the lower the latitude of Japanese cities, the larger the annualized energy savings and the annualized utility bill savings, due to the building envelopes with HR performance. The reason is considered that the HR envelopes are more effective in terms of reducing annualized thermal loads and energy use in locations of Japan with lower latitudes and hotter summers, according to previous research [33] .
Comparison of Annualized Energy Related Cost
Comparing the annualized energy related cost of the simulated building with three different scenarios in five representative cities of Japan, it showed that the annualized energy related cost of Scenario A is the largest, followed by Scenario B, and Scenario C has the lowest annualized energy related cost for each city of Japan. The annualized energy related cost of the simulated building decreased when varying the city from high-latitude to low-latitude for each scenario. The influence of IBE within a network of buildings on annualized energy related cost became a bit greater when varying the Japan cities from high-latitude to low-latitude. The IBE with HR building envelopes is the most effective to reduce the annualized energy-related costs among three simulated scenarios.
Model Verification
In order to verify the analyzed results obtained by BEopt, we compared the annualized site energy use between actual office buildings [34] and the simulated building in five representative cities. The result (Figure 7) showed that the average annualized site energy use of actual office buildings is about 90 kWh/m 2 -yr higher than that of the simulated building. According to the above problems, a much deeper verification should be carried out by importing the measured energy use data of the actual buildings respectively in five representative cities of Japan, with consideration of the coincidence of actual building and simulated building, and the influence of human behavior factors, etc. 
Conclusion and Future Work
In order to evaluate the influence of the IBE with HR building envelope on building energy use, the BEopt analysis method has been used to evaluate the annualized energy use, annualized energy related costs and annualized utility bills of simulated building with three different scenarios located in five representative cites of Japan in this study.
The comparison between Scenario A (base: a single building with LR building envelope) and Scenario B (IBE with LR building envelope) by BEopt analysis indicated that the building with surrounding buildings is more effective than that without surrounding buildings in terms of reducing annualized energy use, annualized utility bills and annualized energy related costs for five representative cities of Japan. Thus, it is necessary to consider the influence of IBE (Scenario B), The deviation between the actual survey and simulation is considered to be due to the following reasons: (i) the simulated building construction is not completely consistent with the actual building construction, the average floor space of the actual surveyed office buildings was 19340 m 2 over 444 cases, much larger than the simulated case of 273 m 2 . The much smaller simulated three-floor building gains far more heating from solar radiation per square meter of floor space than the tall buildings with more floors in the survey; and (ii) the usage conditions of the actual buildings are likely different from the simulated building, i.e., the number of people in the building, use of equipment in the building, not using 24-h air conditioning as in the simulation, and other human factors, etc.
According to the above problems, a much deeper verification should be carried out by importing the measured energy use data of the actual buildings respectively in five representative cities of Japan, with consideration of the coincidence of actual building and simulated building, and the influence of human behavior factors, etc.
The comparison between Scenario A (base: a single building with LR building envelope) and Scenario B (IBE with LR building envelope) by BEopt analysis indicated that the building with surrounding buildings is more effective than that without surrounding buildings in terms of reducing annualized energy use, annualized utility bills and annualized energy related costs for five representative cities of Japan. Thus, it is necessary to consider the influence of IBE (Scenario B), including mutual shading and mutual reflection within a network of buildings when evaluating the energy consumption of buildings. In addition, it showed that the annualized energy savings, annualized energy related cost savings, and annualized utility bill savings increased when varying the Japanese cities from high-latitude to low-latitude, due to the impact of IBE. However, this changing trend is not absolute: it also depends on regional climate conditions and other factors.
The comparison between Scenario B (IBE with LR building envelope) and Scenario C (IBE with HR building envelope) demonstrated that the IBE with HR building envelope can better contribute to annualized energy savings and annualized utility bill savings in five representative cities of Japan.
The future work will focus on evaluating the influence of IBE with HR envelope design on the outdoor micro-environment within a network of buildings while, at the same time, monitoring the energy use of actual buildings. The increasing use of solar panels on rooftops could influence the results. Here, the rooftop parameters were kept uniform in all three scenarios, but net heat flux through the roof could change. Furthermore, the influence of wind fields around buildings, humidity, etc., on the building energy use will also evaluated.
